ABSTRACT Stocking density, the amount of space available per animal, greatly affects the welfare of commercial turkeys. For example, stocking density has been found to affect behavior such as injurious pecking; production, such as growth rates and feed efficiency; and health-related aspects, such as leg health and the incidence of airsacculitis. Current industry guidelines and standards for turkey space requirements and stocking densities vary, and they are different from those that have been examined scientifically.
INTRODUCTION
The amount of space that farm animals require has been a contentious issue for the past several years, as indicated by the increase in legislation regarding housing and space requirements for laying hens, gestating sows, and veal calves (e.g.: in the United States, Proposition 2 of 2008 in California and Public Act 117 of 2009 in Michigan; in Europe, Council Directive 1999/74/EC for laying hens and Council Directive 2008/120/EC for pigs). In addition to more legislation, the number of animal welfare certification programs for farm animals has increased in recent years.
Although there has not been similar legislation specifying space requirements for turkeys, the importance of space for turkeys is reflected in industry guidelines and standards, which focus on behavioral requirements. For example, the National Turkey Federation guidelines state that turkeys "must have enough space at each stage of production to stretch, move about comfortably, preen, grow, and produce normally" (National Turkey Federation, 2012) . The Canadian Codes of Practice similarly state that "birds must have enough space to move freely, be able to stand normally, turn around and stretch their wings without difficulty" (Canadian Agri-Food Research Council, 2015; currently under review) . Certification programs such as American Hu- The number of animals housed within a particular area affects how much space is available to any one animal within the group, as well as how each animal is able to use the available space. Therefore, it is difficult to separate the effects of space, group size, and stocking density (space per animal or average body weight per unit of space; discussed in Marchewka et al., 2013 ; also see Estevez et al., 2007; Leone et al., 2010) . These 3 factors are often confounded in the scientific literature.
Although stocking density has been identified as one of the main factors affecting turkey welfare (Marchewka et al., 2013) , specific stocking density recommendations for turkeys vary widely among industry guidelines and certification programs. This paper reviews the scientific literature pertaining to the impacts of stocking density on turkey behavior, welfare, and productivity, with a focus on stocking density recommendations in North America. The majority of the world's live turkeys are produced in North America (243.2 million in 2014, representing over 52% of the world's live turkey production), followed by Europe (110.8 million turkeys), South America (65 million), Africa (23.7 million), and Asia (14.6 million) (Food and Agriculture Organization of the United Nations, 2017). An understanding of the effects and importance of stocking density can help to optimize stocking density recommendations for commercially housed turkeys. 
Current Recommendations and Standards
In Europe, the Council of Europe does not provide specific stocking density guidelines for turkeys. Rather, the Council of Europe Recommendation Concerning Turkeys (2001) states that factors such as turkeys' age, sex, and weight should be considered such that turkeys are able to "move around freely" and "perform normal social behavior." Within North America, the recommended stocking densities for turkeys vary among organizations and certification programs. For example, the National Turkey Federation (2012) 2 ). There is a large variation in the group sizes, space allocations and ages of turkeys that have been used in experimental studies, making comparisons among studies difficult. A summary of the available literature for male turkeys is provided in Table 3 .
Space Requirements
Poultry should have enough space to be able to perform certain types of behavior, such as being able to walk normally, get up and lie down, turn around, and preen (Jankowski et al., 2015) . In order to assess how much space turkeys need, Ellerbrock and Knierim (2002) measured the area occupied by stationary turkeys using photographs. Turkeys at 11 (7.6 kg; 16.7 lb) and 21 (21.8 kg; 48.0 lb) wk of age occupied between 0.08 m 2 (0.9 ft 2 ) and 0.20 m 2 (2.1 ft 2 ) when stationary (Ellerbrock and Knierim, 2002) . Ellerbrock and Knierim (2002) propose that as turkeys become larger, the amount of space required per unit of body weight decreases. Therefore, it is possible that larger turkeys "require less floor area per kilogram liveweight than smaller ones" (Ellerbrock and Knierim, 2002) . However, the aforementioned measurements are for standing, stationary turkeys and space requirements vary depending on the behavior and activity of the bird. Currently, the effects of stocking density on space use and how space use changes with increasing age are unknown.
Space and Stocking Density Effects on Turkey Behavior and Welfare
The effects of stocking density and group size on turkey behavior and welfare have recently been reviewed by Marchewka et al. (2013) , and center on aggression, feather pecking and behavioral disturbances. There do not appear to be any recently published studies comparing the effects of stocking density on aggression and pecking behavior of turkeys in large groups. However, there is some information available pertaining to the incidences of aggression, head, back and vent wounds for turkeys in commercial flocks where thousands of birds are housed together (see Marchewka et al., 2015) . Marchewka et al. (2015) assessed the welfare of turkeys on 10 commercial farms where the flock size ranged from 6,460 to 8,462 birds and the stocking density was 3.5 birds/m 2 (0.29 m 2 /bird) to 3.6 birds/m 2 (0.28 m 2 /bird) at 6 wk of age when birds were placed. Head wounds were present in 3.4 ± 1.0% and 3.5 ± 1.0% of turkeys as recorded by two observers, respectively (Marchewka et al., 2015) . The observers also recorded the percentages of turkeys with back wounds (observer 1: 0.4 ± 0.1%; observer 2: 0.3 ± 0.1%), vent wounds (0.1 ± 0.1% for both observers) and the percentages of turkeys that were featherless (0.02 ± 0.01% for both observers). Cumulative mortality across all flocks was 15 ± 1.4% at 19 to 20 wk of age (Marchewka et al., 2015) . Although Marchewka et al. (2015) did not compare stocking densities, their study is the first to examine the incidence of various welfare problems at commercial stocking densities.
ERASMUS
Up to a certain group size, turkeys are able to distinguish between familiar and unfamiliar conspecifics, which affects the level of aggression. Buchwalder and Huber-Eicher (2004; 2005) examined the relationships among group size, space, and aggression in turkey toms. Their research revealed that when an unfamiliar tom was introduced into a group of turkeys, group size influenced aggression. Specifically, the level of aggression directed at the unfamiliar tom was higher when the tom was introduced into a group of 6 vs. 30 toms, suggesting that turkeys are limited as to how many individuals they can distinguish among, which Buchwalder and Huber-Eicher refer to as the "limiting group size" (Buchwalder and Huber-Eicher, 2005) . Space was also important in determining aggression: turkey toms reacted more aggressively toward an unfamiliar tom when the unfamiliar tom was introduced into a smaller vs. a larger pen (Buchwalder and Huber-Eicher, 2004) . In another study, Moran (1985) reported that mortality rates due to fighting were higher for turkey toms reared at a lower density (0.89 m 2 /bird; 9.6 ft 2 /bird) compared to a higher density (0.44 m 2 /bird; 4.7 ft 2 /bird). In addition to affecting levels of aggression, stocking density may impact other injurious behavior such as feather pecking. One study reported higher levels of feather damage in turkeys housed at a density of 0.74 vs. 1.86 m 2 /bird (0.8 vs. 2.0 ft 2 /bird; Gill and Leighton, 1984) . Feather pecking is a multifactorial problem that is affected by many other factors (reviewed in Dalton et al., 2013 ) and further research is needed to understand the impacts of stocking density on feather-pecking behavior.
With increasing stocking density, there is a greater potential for birds to be disturbed by others in the group. Martrenchar et al. (1999) reported that the amount of time that turkeys were able to rest without being disturbed was shorter at 9 wk of age when turkeys were housed at 5 birds/m 2 (129.4 ± 22.9 sec) vs. 8 birds/m 2 (67.1 ± 10.7 sec). There is some evidence from research with broiler chickens that increased disturbance is associated with reduced feed efficiency and reduced carcass quality due to bruises and scratches (Cornetto et al., 2002) , but the effects of disturbances on turkey productivity and carcass quality are as yet unknown.
In addition to behavior, a stocking density that is too high can increase the risk for leg and foot problems, mortality, breast blisters, and airsacculitis. Indeed, Martrenchar et al. (1999) reported that the incidence of footpad lesions increased and gait worsened as the amount of space available per male turkey decreased from 0.40 m 2 /bird (10.7 lb/ft 2 ) to 0.25 m 2 /bird (6.4 lb/ft 2 ) from 12 to 16 wk. Berk and Hahn (2000) reported that the percentage of turkeys with breast Commercial study: stocking at 19-20 wk densities were not compared * Stocking density in lb/ft 2 was calculated using the final reported body weights divided by the area of space provided so that densities would be comparable to how densities are typically reported in the U.S. turkey industry.
blisters was higher for turkeys housed at 3.5 birds/m 2 (11.6%) compared to 1.5 birds/m 2 (5.3%). Mortality rates were also higher at the higher density (Berk and Hahn, 2000) . Similarly, Noll et al. (1991) reported that mortality rates tended to be higher (5.4% vs. 3.1%) at a higher stocking density (0.46 vs. 0.21 m 2 /bird; 13.2 vs. 5.7 lb/ft 2 at 20 wk). Higher stocking densities may also be associated with respiratory problems. The incidence of airsacculitis was higher (25% vs. 11.7% of turkeys) when turkeys were housed at a density of 0.46 m 2 /bird (13.2 lb/ft 2 at 20 wk) compared to 0.21 m 2 /bird (5.7 lb/ft 2 at 20 wk; Noll et al., 1991) . Furthermore, the severity of lung lesions tended to be greater in turkeys housed at a higher density (5.5 turkeys/m 2 vs. 2.8 turkeys/m 2 ; 8.5 to 8.9 lb/ft 2 vs. 4.1 to 4.2 lb/ft 2 at 16 wk; Perkins et al., 1995) . However, another study reported no differences in lung lesions between densities of 5.5 and 2.8 turkeys/m 2 (10.3 lb/ft 2 vs. 5.1 lb/ft 2 at 16 wk; Zuidhof et al., 1993) . It is possible that turkeys that are housed at higher stocking densities experience greater levels of stress, which contribute to the development of respiratory problems (Perkins et al., 1995) . Turkeys housed at higher densities may also be less capable of coping with additional environmental stressors such as elevated environmental temperatures: Perkins et al. (1995) reported that a higher percentage of turkeys were gasping (31% of turkeys at 5.5 turkeys/m 2 vs. 6% of turkeys at 2.8 turkeys/m 2 ) when the environmental temperature was raised to 30˚C for 1 h.
Stocking Density Impacts on Productivity of Turkeys
Productivity parameters that have been evaluated in relation to stocking density include body weight, feed conversion, and carcass characteristics. Martrenchar et al. (1999) Experiment 2: 13.5 ± 0.11 kg) compared to turkeys provided with 0.185 to 0.31 m 2 /bird (Experiment 1: 13.1 ± 0.1 kg; Experiment 2: 12.9 ± 0.11) or 0.15 to 0.25 m 2 /bird (Experiment 1: 13.1 ± 0.96 kg; Experiment 2: 12.4 ± 0.13 kg). Similarly, Noll et al. (1991) reported higher body weights at both 16 (10.3 kg vs. 10.0 kg) and 20 wk (13.5 kg vs. 12.8 kg) for turkeys housed at 2.2 birds/m 2 (5.7 lb/ft 2 at 20 wk) compared to turkeys housed at 4.8 birds/m 2 (13.2 lb/ft 2 at 20 wk). The effects of stocking density on feed conversion were similar: turkeys housed at 2.2 birds/m 2 (4.1 g feed/g weight gain) had improved feed conversion compared to turkeys housed at 4.8 birds/m 2 (4.3 g feed/g weight gain; Noll et al., 1991) . In contrast, Moran (1985) , comparing 0.44 vs. 0.89 m 2 /bird (5.1 vs. 2.6 lb/ft 2 at 19 wk), and Perkins et al. (1995) , comparing 0.27 vs. 0.54 m 2 /bird (8.5 to 8.9 vs. 4.1 to 4.2 lb/ft 2 at 16 wk), reported no differences in male turkey weights due to stocking density. Zuidhof et al. (1993) reported that a low ventilation rate (225 L/s) in combination with a high stocking density (0.53 m 2 /bird or 10.25 lb/ft 2 ) resulted in lower weight gains compared to the same ventilation rate but a lower stocking density (0.27 m 2 /bird or 5.12 lb/ft 2 ), indicating that environmental factors may interact with stocking density to affect productivity.
A recent experimental study examined the effects of stocking density and heat stress on body weight, feed intake, and skeletal characteristics of turkeys from 1 d to 19 wk of age (Jankowski et al., 2015) . Turkeys reared at a higher density (3.4 birds/m 2 or 0.29 m 2 /bird) combined with a higher environmental temperature (5
• C higher than the control group) had a lower average body weight at 18 wk (17.7 ± 0.47 kg vs. 18.4 ± 0.43 kg) compared to turkeys housed at a density of 2.8 birds/m 2 (0.36 m 2 /bird) and breeder (Aviagen Turkeys) recommended temperatures (Jankowski et al., 2015) . The increased stocking density together with increased temperature negatively affected bone length and bone weight after 4 wk and bone strength at 18 wk, indicating lower skeletal quality and potentially greater problems with locomotion (Jankowski et al., 2015) . Because the effects of temperature and stocking density were confounded, it is not possible to determine how stocking density alone affected body weight and bone characteristics.
Lastly, there is some evidence that carcass composition is also affected by stocking density. Carcasses from turkeys reared at a lower density of 0.46 m 2 /bird had a greater percentage of abdominal fat (1.24 vs. 1.05%), lower carcass moisture content (63.2 vs. 64.2%) and more total breast meat (1.53 vs. 1.46 kg; but breast meat as a percentage of bodyweight did not differ among densities) compared to turkeys reared at 0.21 m 2 /bird (Halvorson et al., 1991) . The authors postulate that the amount of carcass fat was likely higher in the low density group because turkeys in the low density group consumed excess feed (Halvorson et al. 1991 Noll et al., 1991) . Densities as high as 73.2 kg/m 2 have not been evaluated, and the majority of scientific studies were conducted over a decade ago with genetic lines of turkeys that may differ from modern genetic lines in feed efficiency and growth rates. However, a review of the literature provides insight into potential effects of stocking density on turkey productivity, behavior and welfare. In general, higher densities (greater than 29.3 kg/m 2 or 6 lb/ft 2 ) are associated with reduced body weight, reduced feed efficiency, and increased mortality rates. Moreover, higher stocking densities lead to increased risks of footpad dermatitis, breast blisters, and respiratory problems. Higher stocking densities also lead to disturbances of resting birds and may increase levels of aggression and feather pecking.
While industry standards and guidelines focus on providing turkeys with adequate space to perform particular behaviors, there is currently no scientific information available as to the amount of space turkeys need for particular behaviors.
It is important to note that many welfare issues of turkeys are multifactorial in nature and are not influenced by stocking density alone, but are also influenced by other factors, such as environmental and management factors. Welfare issues resulting from management and environmental factors can be further aggravated by high stocking densities. For example, with a higher stocking density, more waste is produced, which necessitates judicious management and appropriate ventilation to maintain an appropriate level of litter quality. Further research is needed to understand the interactions among management, stocking density, and turkey behavior in order to inform space and stocking density standards.
